Detectors at a high-energy muon collider must be protected from the decay products of beam muons by installing shielding material around the beam pipe. In this article, the impact of these blind detector regions on new-physics signatures with invisible final-state particles is shown by studying the production of sleptons, the superpartners of leptons. Special attention is given to large backgrounds from two-photon collisions. It is demonstrated how the influence of these backgrounds can be controlled by implementing suitable cuts or running at two different center-of-mass energies, thus permitting precision measurements of the mass and spin of the sleptons. However, these methods become ineffective for small mass differences between the sleptons and their decay products, and it will be difficult to analyze the slepton signal at a muon collider in this case.
Figure 1: Schematic depiction of conical shielding cones in a MC detector, and a two-photon event with fake missing energy and momentum.
Introduction
A high-energy muon collider (MC) is envisaged to be an ideal environment for performing precision measurements in the multi-TeV regime. One major advantage is its sharply defined collision energy, which is only mildly distorted by initial-state radiation, while the influence of beamstrahlung can be completely neglected for most purposes [1] . However, the design of the detector and beam-delivery system will have to account for the large flux of electrons from muon decay inside the beam pipe. The detector can be protected from these decay electrons by installing cone-shaped tungsten shields around the beam pipe near the interaction point. Nevertheless, low-energy secondaries produced in the shielding material may still penetrate the detector, leading to large occupancy values in the inner detector elements. Simulations show that this background can be reduced to acceptable levels by using high-resolution timing information (since secondary particle showers will arrive in the detector with some time delay) and sufficiently massive shielding around the beam pipe * . However, the absence of instrumentation inside the shielding cones leads to reduced angular coverage of the detector, which can affect the effectiveness of new physics searches and measurements. In particular, physics signatures with missing energy can receive large backgrounds from photon-photon interactions † . Here, the photons are radiated off the incident beam muons, which subsequently escape into the blind cone regions, leading to apparent missing energy and momentum, see Fig. 1 .
In this paper, the effect of the blind cones on the precision analysis of sleptons, the supersymmetric partners of leptons, is investigated. For concreteness, production of Rsmuonsμ R and R-electronsẽ R is considered, and it is assumed that they decay directly to the lightest neutralinoχ 0 1 , which is assumed to be the lightest supersymmetric particle and detector setup ILC design 6
• shielding cone 20
• shielding conẽ added to that lepton's momentum. A veto (5) is imposed on any other objects either in the central detector or in the low-angle calorimeter (LCAL), which for a typical ILC detector design go down to a polar angle of about 5 mrad [8] § . The coverage of small polar angles is crucial for rejecting the two-photon background [9] . The requirement (6) reduces background from Z-boson production, while (7) suppresses W -boson background, which predominantly leads to leptons/anti-leptons in the forward/backward region, respectively. Finally, the cut (8) rejects back-to-back event topologies, which mainly stem from W and τ pair production and two-photon collisions.
Results for signal and background event numbers and lepton energy distributions after application of the cuts (4)- (8) are shown in Tab. 1 and Fig. 2 (a,b) , for √ s = 3 TeV, ml R = 1 TeV, and mχ0 1 = 0.6 TeV. The signal and backgrounds from direct di-lepton production and γγ collisions have been generated with Pythia 6.4 [10] , while CompHEP 4.5 [11] was used for four-fermion backgrounds, including intermediate resonant single and pair production of W and Z bosons. Figure 2 (a) shows that for an ILC-like detector, both endpoints of the muon energy spectrum from smuon pair production are clearly visible over the background after cuts. The location of the endpoints agrees with the nominal values E min = 122 GeV and E max = 838 GeV calculated from eq. 3. For selectron pair production, due to the smaller cross section, the signal-to-background ratio is lower, and the extraction of E min from the data would require a very careful analysis of the background. detector setup 6
• shielding conẽ Table 2 : Event numbers for smuon signal and SM backgrounds after selection cuts (4)- (8) and ( design with a 20
• shielding cone, and a very aggressive design with a 6
• cone. Due to the lack of angular coverage, the veto cut (5) now only works for objects with scattering angles larger than the cone size, so that a much bigger portion of the two-photon background passes the selection cuts. As can be seen from Tab. 1 and Fig. 2 (c,d,e,f), the signal event rates are completely swamped by the γγ background and the lower endpoint of the E ℓ spectrum is lost in the statistical noise, both for smuon and selectron pair production. Figure 2 also shows that the two-photon background falls off sharply with increasing lepton energies and essentially disappears for E e,µ > ∼ 400-500 GeV. This feature can be used to design a more effective cut for removing the γγ background in a MC environment. By demanding that one lepton, here arbitrarily chosen to be the negatively charged one, has an energy above 400 GeV,
Analysis strategy using additional cuts
the signal-to-background ratio is much improved, see Tab. 2. While this cut obviously eliminates the lower part of the E ℓ − spectrum, the other lepton, ℓ + , can still be used to measure the full lepton energy spectrum with both the upper and lower endpoints E min,max , see Fig. 3 .
In an experimental analysis, the remaining two-photon background after cut (9) may be determined in a data-driven approach from the larger event sample before application of (9), thus reducing the sizeable theoretical uncertainties in the Monte-Carlo simulation of γγ collisions. After subtraction of the residual SM background, the ℓ + energy spectrum can be fitted by a simple fit function with a sharp cutoff at E min and E max . For input parameters √ s = 3 TeV, ml R = 1 TeV, mχ0 1 = 0.6 TeV, and an integrated luminosity of 1000 fb −1 , the one-sigma errors from the fit are for 6
• shielding cone:
for 20
• shielding cone: where the numbers reflect statistical uncertainties from the signal and subtracted background. Note that these errors are quite comparable to what one would obtain with an ILClike detector and without the additional cut (9):
GeV. This seemingly counter-intuitive outcome follows from the fact the mass errors are dominated by the fit of the lower endpoint, whereas the cut (9), in combination with (4)- (8), primarily removes signal events with larger value of E ℓ + .
Analysis strategy using two center-of-mass energies
The results of the previous subsection look promising for the case of smuon pair production. For selectrons, on the other hand, the pair production cross section is only about 1/6 of the value for smuons. As a result, even with the cut (9), the lower endpoint of the final-state electron energy spectrum is still obscured by the statistical noise from the remaining SM background.
An alternative strategy, instead of trying to extract both the lower and upper endpoints of the E ℓ spectrum, is to use only the upper endpoint, but at two different center-of-mass energies √ s 1 and √ s 2 . From these two measurements one can also uniquely determine the masses of the slepton and of the neutralino,
where E max,1 and E max,2 are the upper endpoint energies measured at √ s 1 and √ s 2 , respectively. This approach also allows one to drop the cut (9), which is only helpful for improving the signal-to-background ratio at lower energies. Using simulated events for √ s 1 = 2500 GeV and √ s 2 = 3000 GeV, corresponding to an integrated luminosity of 500 fb −1 each, and fitting the upper endpoints of the lepton energy distributions after cuts (4)-(8), one obtains from eqs. (12), (13) for 6
For selectron production, due to the smaller cross section, one obtains somewhat larger errors:
for 6
It is important, however, to note that this analysis strategy is very robust, since the upper endpoint of the E ℓ spectrum froml + Rl − R production is essentially background-free and thus there are no systematic uncertainties from the background simulation and subtraction.
Reach
In the previous section, a scenario with a relatively large mass difference mμ R − mχ0 1 = 400 GeV was considered. For smaller mass differences, which are expected in co-annihilation scenarios, the final-state lepton energy spectrum becomes softer. For sufficiently small values of mμ R −mχ0 1 , the upper endpoint E max can thus lie in a range with significant SM background levels. In this case, both measurement strategies described in the previous section will be affected by statistical and systematical errors of the background, and a reliable measurement will be impossible when these uncertainties become dominant.
To quantify this problem one needs to define a criterion for the minimum event yield and allowable background level for the endpoint measurement. Here a very simple rule is adopted, demanding that the bins of the energy spectrum near the endpoint must have a signal-to-background ratio of at least one and must contain at least 10 events per bin, for a bin width of 50 GeV (as in the figures above). Using this criterion, the estimated reach of a 3 TeV muon collider is depicted in Fig. 4 , for the three cases of an ILC-like detector, a 6
• shielding cone, and a 20
• shielding cone. The plot has been generated by interpolating between simulated results for a range of smuon and neutralino masses, applying the cuts (4)-(8) in each case.
As evident from the figure, the reach is limited by two factors. On one hand, for smuon masses close to the beam energy theμ + Rμ − R cross section is rather small and thus are affected by the high-energy tail of the residual SM background. On the other hand, for small mass differences mμ R − mχ0 1 , the signal E µ spectrum becomes soft and therefore lies in a kinematic regime with large SM backgrounds. Since the background level grows with increasing blind cone of the detector, the accessible parameter region is reduced in both directions for a MC, compared to a hypothetical multi-TeV ILC-like collider. In particular, it will be difficult to explore co-annihilation scenarios at a MC. Depending on the supersymmetry scenario, however, it may still be possible to obtain a robustμ R signal in this case if the smuons are also produced in the decays of heavier superpartners. Such cascade decays can lead to a distinct signal over the SM background as long as the visible decay products are sufficiently energetic, i. e. for the mass hierarchy mμ R ≪ mX < √ s, where mX is the mass of the heavier superpartner. Since this option is highly model-dependent, it will not be explored further here.
Spin determination
While the endpoints of the E ℓ spectrum are related to the slepton and neutralino masses, the shape of this distribution contains information about the slepton spin. Since sleptons are scalars the E ℓ distribution is theoretically exactly flat, although in practice the shape is slightly distorted by selection cuts.
As an alternative, let us consider the process
where it is assumed that the sneutrinosν ( * ) ℓ decay invisibly [12] . In this case, the primary pair-produced particles (the charginosχ R cross section, and this fact may also be employed to distinguish these processes. However, the observable production rate also depends on other model-dependent factors such as branching fractions. In this work, therefore, only the shape information of the E ℓ distribution will be used for spin discrimination, and the signal distribution in Fig. 5 has been rescaled to match the generator-level cross section forμ + Rμ − R production. Since the distinctive feature between scalars and fermion is the absence or presence of an accumulation near the lower end of the E ℓ distribution, it is important to observe the whole E ℓ spectrum, not only the upper endpoint. To sufficiently reduce the SM backgrounds, one thus has to use the selection cut (9) in addition to (4)- (8) . Results for ℓ = µ are shown in Fig. 3 for scalars and Fig. 5 for fermions.
The discriminative power between the two spin scenarios can be illustrated with a simple binned χ 2 test, applied to the range 200-1000 GeV of the E µ distribution. By demanding a lower limit of 200 GeV, the γγ background becomes subdominant, and the remaining SM background components can be computed reliably from Monte-Carlo simulations. In the fit, the overall normalization has been left free-floating. Assuming a total luminosity of 1000 fb −1 , the scalar and fermion scenarios can be distinguished with a statistical significance of 7.7 standard deviations for a 6
• blind cone and 6.0 standard deviations for a 20
• blind cone.
Note, however, that the spin determination is much more difficult or even practically impossible for smaller mass differences ∆m = (mμ R − mχ0 1 ), (mχ± 1 − mν), since in this case the separation of signal and SM backgrounds becomes problematic, as discussed in section 3. In particular, the cut (9) will entirely remove all signal events for small values of ∆m.
Conclusions
At a future muon collider, the analysis of new-physics signatures with missing energy is substantially impacted by the presence of uninstrumented shielding cones around the beam pipe in the detector. Most notably, the limited angular coverage of the detector leads to large backgrounds from two-photon collisions. In this article, this problem has been studied in detail by considering the pair production of sleptons, supersymmetric partners of leptons, as an example. It was found that the potential for accessing this signal depends essentially on the mass difference ∆m between the sleptons and their decay products, which here are assumed to be stable neutralinos.
For relatively large mass differences, ∆m > ∼ O(100 GeV), the two-photon and other Standard Model backgrounds can be reduced by suitable selection cuts, which allows one to clearly identify the new-physics signal and determine properties such a slepton spin. Furthermore, by taking data at two different center-of-mass energies, the masses of both the sleptons and their decay products can be measured with percent-level precision.
On the other hand, for small slepton-neutralino mass differences, it becomes difficult to robustly separate the photon-photon background from the signal. The large background levels can make it impossible to determine the slepton masses and spins or even establish a discovery of the signal in this case. In consequence, the reach for new-physics signatures with small ∆m is more limited at a muon collider compared to an e + e − collider. However, it would still be possible to analyze slepton production and decay in such a scenario at a muon collider if one can take advantage of cascade decays of heavier superpartners into the sleptons.
Interestingly, it turns out that the size of the blind shielding cones has only a mild influence on these results, even when comparing two extreme scenarios: a very optimistic case with a 6
• shielding cone, and a conservative case with a 20
• shielding cone.
